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DISPLAY DEVICE LIGHT LEAKAGE COMPENSATION 

TECHNICAL FIELD 
[00011 The invention relates to color imaging and, more particularly, to presentation of color 
images on display devices. 

BACKGROUND 

[0002] Color display devices are typically multi-channel devices in the sense that multiple 
physical color chamiels represent every pixel on the display. MuW-chamiel display devices 
include cathode ray tubes (CRT), liquid crystal displays (LCD), plasma displays, and other 
imaging devices. One common example of a multi-channel device is a three chamiel device 
comprising red, green, and blue (RGB) channels. 

[00031 Each of the color channels in a multi-channel display device may be modeled as a 
combination of a light source and a light valve. In the case of the LCD, the light source 
comprises a common backlight and color filters for each of the chamiels. The light valve, in 
the case of an LCD, typically comprises one or two fixed polarizers and liquid crystal cells 
(LCC), which rotate a polarization plane of passing light to regulate the amount of light 
emitted fi-om the display. 

[00041 An individual emission spectrum for each of the color channels is usefiil for spectral 
modeling and display calibration to improve color accuracy of imagery presented by the 
display. However, the emission spectrum for a single color channel cannot be accurately 
measured, because the emission spectrum measurement includes light leakage from adjacent 
color channels. 

SUMMARY 

[00051 In general, the invention relates to techniques for light leakage compensation in a 
multi-channel display device. The invention may be particularly useful in calculating single- 
channel emission spectra for liquid crystal displays (LCD). In order to accurately model and 
calibrate a display device, an accurate spectral output estimate for each of the individual 
color channels is needed. 
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[0006] The invention provides techniques to compensate for light leakage from adjacent 
color channels that cause hue shifts in the images reconstructed by the display device. In 
accordance with the invention, a light leakage emission spectium can be determined for each 
color channel of a display based on a measured emission spectrum for the display at a 
minimum level and assumed emission spectra for light sources in the display. A single- 
chamiel emission spectrum is determined to be tiie difference between a cumulative color 
channel emission spectrum measurement and the light leakage spectra of adjacent color 
channels. 

[0007] In one embodiment, the invention is directed to a method comprising measuring a 
cumulative emission spectrum for each of a plurality of color channels of a display with the 
respective color channel at a maximum level and the otiier color channels at minimum levels, 
measuring an emission spectrum of the display for a minimum display level, and assuming 
an emission spectrum for a light source for each of the color channels. The method further 
comprises calculating a light leakage spectrum for each of tiie respective color chamiels 
based on the measured emission spechirai for the minimum display level and the assumed 
emission spectra for the light sources, and calculating a single-channel emission spectinrai for 
each of the respective color channels based on the measured cumulative emission spectinrai 
and the calculated light leakage spectrum for the color channel. 

[0008] In another embodiment, the invention is directed to a system that includes a display, a 
plurality of color channels in the display, a light source and a light valve to model each of the 
color channels, and means for driving the light valve based on a color profile defined by 
single-channel emission spectra, the single-channel emission spectra calculated from 
measured cumulative emission spectra and light leakage spectira for each of the color 
channels. 

[0009] In a further embodiment, the invention is directed to a method in which a single- 
channel emission spectrum for each of a plurality of color chamiels of a display is determined 
based on a measured emission spectrum and a light leakage spectrum for ttie color channel. 
[0010] In an added embodiment, the invention is directed to a computer-readable medium 
containing instructions. The instirictions cause a programmable processor to receive a 
cumulative emission spectrum measurement for each of a plurality of color channels of a 
display with the respective color channel at a maximum level and the other channels at 
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minimum levels, receive an emission spectrum measurement of the display for a minimum 
display level, and assume an emission spectrum for a light source for each of the color 
channels. The instructions further cause a processor to calculate a light leakage spectrum for 
each of the respective color channels based on the received emission spectrum for the 
minimum display level and the assumed emission spectra for the light sources, calculate a 
single-channel emission spectrum for each of the respective color channels based on the 
received cumulative emission spectrum and the calculated light leakage spectrum for the 
color channel, and drive a light valve in the display based on a color profile defined by the 
single-chaimel emission spectrum. 

[00111 The invention is capable of providing many advantages. The described embodiments 
may improve color accuracy, and reduce color accuracy variation, for images presented by 
different types and brands of display devices. For example, a typical spectroradiometer 
measures a multi-channel spectral emission, because the measurement spot size is much 
larger than the size of a channel. The color channels cannot achieve a fiiUy closed state, even 
at a minimum level. Therefore, the emission spectra measurements for each of the maximum 
level color channels include light leakage firom adjacent color channels set at a minimum 
level. The single-channel emission spectra measurement accuracy may be improved by 
compensation of the light leakage. Such compensation allows for more accurate calibration 
of a display device color model and reduces non-physical effects in model calibration caused 
by contamination of the measurements by the Ught leakage. The capability of compensating 
light leakage to determine single-channel emission spectra adds flexibility to color 
applications and allows for less dependency on particular types and brands of display 
devices, such as LCDs, to present imagery with consistent color quality. 
[0012] The details of one or more embodiments of the invention are set forth in the 
accompanying drawings and the description below. Other features, objects, and advantages 
of the invention will be apparent from the description and drawings, and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

[0013] FIG. 1 is a block diagram illustrating a color management system that makes use of 
color profiles formulated for a display device in accordance with the invention. 
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[00141 FIG. 2 is a block diagram illustrating a color profile generation system that generates 
a color profile based on a display device color model. 

[0015] FIG. 3 is a block diagram illusti-ating a single-channel generation system that 
compensates light leakage in display device spectral emission measurements to generate 
single-channel emission spectra. 

[00161 FIG. 4 is a schematic diagram illusti-ating a color channel of a multi-channel liquid 
crystal display (LCD) device as a portion of the single-channel generation system from FIG. 
3. 

[0017] FIG. 5 is a flow chart illustirating a metiiod to determine single-channel emission 
spectra of a multi-chaimel LCD device. 

DETAILED DESCRIPTION 

[0018] FIG. 1 is a block diagram illustiuting a color management system 10 that makes use 
of color profiles formulated for a display device in accordance with tiie invention. As will be 
described, the color profiles are built based on a display device color model tiiat makes use of 
a single-channel emission spectrum generation for a multi-channel color display device tiiat 
takes into account light leakage from adjacent color channels and wavelengtii dependent 
transmissions. The wavelengtii dependency causes hue shifts in tiie images reconstructed by 
the display device, as discussed in Reflective Liq uid Crvstal Displays by Wu S. and Yang D., 
John Wiley & Sons Ltd, p. 335, 2001 . In tiiis manner, the color profiles used by color 
management system 10 promote increased color image accuracy between images produced 
on different multi-channel color display devices. 

[0019] As shown in FIG. 1, color management system 10 includes a color management 
module 12 that generates a color map 18 between a source device 13 and a destination device 
24 based on a source color profile 14 and a destination color profile 16. Color map 1 8 
defines a conversion between source coordinates 20 associated witii source device 13 and 
destination coordinates 22 associated with destination device 24. Destination device 24 may 
be multi-channel color display devices including a Uquid crystal display (LCD), a cathode 
ray tiibe (CRT) display, a plasma display, or the like. In some embodiments, source device 
13 may be a color scanner device, a camera, or the like. An original image obtained by 
source device 13 is color corrected by color management module 12 using color map 1 8 prior 
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to being displayed via destination display device 24. In another embodiment, color 
management module 12 may color correct an original image of a source device without 
generating a color map by using a combination of source and destination color profiles. 
[0020] Color management module 12 may be realized by one or more software processes 
executing on a processor such as a desktop computer or workstation. Module 12 executes 
computer-readable instructions to support, at least in part, the functionality described herein. 
Color management module 12 facilitates color matching between destination device 24 and 
source device 13. Source color profile 14 specifies a set of color response characteristics 
associated with source device 13. Destination color profile 16 specifies a set of color 
response characteristics associated with destination device 24. 

[0021] Source and destination color profiles 14, 16 permit reconciliation of color response 
differences between source device 13 and destination device 24 so that an image obtained by 
source device 13 can be accurately represented on destination device 24. Source and 
destination color profiles 14, 16 may generally conform to profiles specified by the 
International Color Consortium (ICC). Source coordinates 20 specify color image values for 
an image in a device-dependent coordinate system associated with source device 13, e.g., 
RGB in the event source device 13 is a scanner. Destination coordinates 22 specify color 
image values for an image in a device-dependent coordinate system associated with 
destination device 24. 

[0022] FIG. 2 is a block diagram illustrating a color profile generation system 30 according 
to an embodiment of the invention. Within system 30, a profile generation module 40 
generates a color profile 42 based on data obtained fi-om a display device such as destination 
display device 24. Profile generation module 40 may be realized by one or more software 
processes executing on a processor such as a desktop computer or workstation. The data 
obtained fi-om the display device include single-channel emission spectra 34 and device 
coordinates 36, which are representative of the output characteristics of light sources and 
light valves, respectively, which form part of the display device. A device color model 32 
uses single-channel emission spectra 34 and device coordinates 36 to generate color 
coordinates 38. Profile generation module 40 builds color profile 42 based on the 
relationship between device coordinates 36 sent to device color module 32 and color 
coordinates 38 generated by the device color model. In the case illustrated in FIG. 2, single- 
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channel emission spectra 34 are included to improve calibration accuracy of device color 
model 32 and therefore improve accuracy of color coordinates 38 and color profile 42. In 
some embodiments, a device color model may not input single-channel emission spectra and 
instead generates color coordinates based only on device coordinates, e.g. RGB. 
[00231 In other embodiments, a color profile may be built without a device color model; 
however, an accurate color profile in that scenario would typically require a significant 
number of measurements. Building and calibrating a device color model reduces the number 
of measurements needed to build a color profile as no additional measurements are needed 
after the device color model is calibrated. The device color model provides a response 
similar to a display device, but generates device-independent color coordinates. 
[0024] Profile generation module 40 sends device coordinates 36 to device color model 32 
and receives a modeled response in the form of color coordinates 38. Profile generation 
module 40 then creates color profile 42 that is capable of converting images fi-om device- 
independent color coordinates to device specific coordinates. Profile generation module 40 
may be configured to control device coordinates 36, and therefore the light valves in the 
display device to obtain color coordinates 38 fi-om device color model 32, and generate color 
profile 42 based on the received data. As will be described, single-channel emission spectra 
34 are calculated fi-om equations based on measured and assumed spectral emissions of the 
display device. 

[0025] The display device may comprise any number of color channels, but for purposes of 
illustration, will be described herein as a three-channel display system with a red channel, a 
green channel, and ablue channel (RGB). Each pixel of an exemplary display device, such 
as an LCD, includes three color channels that combine to generate the color needed to 
accurately reproduce a pixel of an image. Each of the color channels includes one of the 
light sources and one of the light valves that may be manipulated to achieve the color 
specified for the pixel. The light source emission spectrum 5, (A) of the i'* channel is a 
fimction of the wavelength, A , and determines the color of the channel. The light source 
comprises a combination of a backlight B(A) and a color filter F;.(A) fortiie /'* color 

channel. 
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5,(A) = 5(A)*i^.(A) 0) 

The light valve transmission spectrum ^(rf, A)is controlled by device coordinates 36 and may 
be assumed to be identical for every color channel. In a typical LCD device, stationary 
polarizers and liquid crystal cells (LCC) with controllable phase retardations constitute the 
light valves. A voltage appUed to the LCC is dependent upon the digital driving signal d 
and determines the phase retardation for passing Ught. For polarized Ught, the phase 
retardation controls rotation of a polarization plane of the light and therefore, the wavelength 
dependent intensity of light transmitted through the light valves. An emission spectrum for 
an individual color channel i may be expressed as a product of the light source emission 
spectrum 5,. (A) and the light valve transmission spectrum 0(c/,A). 

E,{d,X) = S,{^)*<t>{d,X) (2) 

A cumulative emission spectrum for a pixel is a summation of all N individual color 
channels, in this case the red, green, and blue color channels. 

1=1 

The light sources determine the color of light emitted for each of the color channels. The 
digital driving signal d controls the intensity of light transmitted by the Ught valves for each 
of the color chaimels. 

[0026] In accordance with the invention, profile generation module 40 generates color profile 
42 for the LCD based on color coordinates 38, which are determined by device color model 
32 from single-channel emission spectra 34 and device coordinates 36. The resulting color 
profile 42 represents the color response characteristics of the LCD device. In order to 
generate color profile 42 for any type or brand of LCD, single-channel emission specf a 34 
must be determined from display measurements and calculations. Advantageously, the 
calculations compensate for adjacent chamiel leakage and light valve wavelength dependency 
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that create inaccuracies in direct single-channel spectral measurements. The light-leakage 
compensated single-channel emission spectra 34 improve calibration of device color model 
32 and therefore create a more accurate color profile 42 for the display device 
[00271 FIG. 3 is a block diagram illustrating a single-channel generation system 50 that 
compensates light leakage in display device spectral emission measurements to generate 
single-chamiel emission spectra 34 usefiil in system 30 of FIG. 2. In the example of FIG. 3, 
the spectral emission measurements are from the three-chamiel LCD described above. 
System 50 includes assumed light source spectra 54, a minimum emission spectrum 56, and 
color channel emission spectra 58 input to a single-channel generation module 52. Single- 
chamiel generation module 52 includes an equation solver module 60, light leakage spectra 
62 and a light leakage compensation module 64. Light leakage compensation module 64 
generates single-chamiel emission spectra 34 based on color chamiel emission spectra 58 and 
light leakage spectra 62. In particular, single-channel emission spectra 34 are determined by 
subtracting light leakage spectra 62 from color chamiel emission spectra 58 for each of the 
color chamiels. Single-chamiel emission specfra 34 may improve calibration of display 
device color model 36 from FIG. 2, and therefore improve color accuracy of the LCD. 
[0028] In conventional color calibration techniques, a minimum display level emission 
spectrum is assumed to be the light leakage spectrum for all of the color chamiels. In that 
case, the difference between color channel emission spectm and the minimum emission 
spec^ determines single-chamiel emission spectra. However, the minimum emission 
spectrum typically overcompensates for light leakage, so the display emission predictions 
remain inaccurate. The inaccuracy may cause a noticeable hue shift in perceived color. 
[0029] In the system illustrated in FIG. 3, light leakage spectra 62 are generated based on 
assumed light source emission spectra 54 and the minimum display level emission spectnmi 
56. In particular, light leakage spectra 62 are determined by solving equations based on 
assumed light source emission spectra 54 and measured minimmn emission spectrum 56. 
Minimum emission spectrum 56 comprises an emission measurement of all the red, green 
and blue color channels operating at the minimum digital driving signal. 

£(O,O,O,A) = (S,(A) + 5,(A) + 5,(A))*0(O,A) (4) 
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Single-Channel generation module 52 applies assumed light source emission spectra 54 and 
minimum emission spectrum 56 to equation solver module 60. Equation solver module 60 
calculates light leakage spectra 62 for each of the color channels in the display. A general 
light leakage spectrum may be represented as: 



1- 



=mO,0,A) 



(5) 



for a chamiel m in a device with any number of chamiels / . In the example of FIG. 3, the 
LCD device comprises the red, green, and blue color chamiels with respective light leakage 
spectra. 



WAD = 



1 — 



[ (S,(A) + 5,(A) + 5,(A))J 



1- 



^ (S,(A) + S,(A) + S,(A))j 



^£(0,0,0, A) 



* £(0,0,0, A) 



* £(0,0,0, A) 



(6) 



Light leakage compensation module 64 generates single-chamiel emission spectra 34 based 
on the difference between color chamiel emission spectra 58 and light leakage spectra 62 for 
each of the color channels. 

[0030] The measured emission spectra of the display for the red, green, and blue chamiels are 
included in color chamiel emission spectra 58. Color chamiel emission spectra 58 comprise 
cumulative emission measurements of each color channel with the respective color chamiel at 

maximum level and the other chamiels at minimum levels. For example, the red chamiel 
emission spectrum comprises the cumulative emission measurement of the display when the 
red chamiel is at the maximum digital driving signal and the green chamiel and blue chamiel 
are at the minimum digital driving signal. TTie green chamiel and blue chamiel minimum 
level emissions should not be assumed to be negligible, however, and can generate 
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Significant emission even when the pertinent light valves are turned "off." In particular, the 
minimum level light valve transmission spectrum ^(0, A) is still dependent on wavelength. 
Consequently, the light valves typically do not fully close to block all light firom being 
emitted. The resulting emissions for the red (255,0,0,1), green (0,255,0,X) and blue (0,0,255, 
■k) channels, at maximum 8-bit (255) drive levels with adjacent channels at minimum drive 
levels, are represented as follows: 

£(255,0,0,A) = 5,(A)*^(255,A) + 5,(A)*^(0,A) + 5,(A)*^(0,A) 
^(O,255,O,A) = 5,(A)*0(O,A) + 5,(A)*^^(255,A) + S,(A)*0(O,A) (7) 
£(O,O,255,A) = 5,(A)*^(O,A)+5,(A)*0(O,A)+5,(A)*0(255,A) 

where E is emission, S is the spectral contribution of light source, and ^(255, A) is the digital 
driving value for a given light valve. Although 8-bit drive levels are illustrated for purposes 
of example, other n-bit drive levels may be used. 

[00311 Equation solver module 60 outputs light leakage spectra 62, firom equations (6), to 
light leakage compensation module 64. Compensation module 64 inputs color channel 
emission spectra 58 and light leakage spectra 62. Compensation module 64 calculates the 
difference between color channel emission spectra 58 and light leakage spectra 62. The 
output of compensation module 64 is single-channel emission spectra 34. Single-chamiel 
emission spectra 34 include an emission spectrum for each of the single color chamiels in the 
display. 



£,(c/„A) = £(rf„0,0,A)-ff,(A) 



(8) 
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[0032] Single-Channel emission spectra 34 improve calibration accuracy of device color 
model 32 to accurately model the display device and generate color profile 42, as shown in 
FIG. 2. System 50 improves the color accuracy of the multi-channel LCD by compensating 
hght leakage contamination in single-channel emission measurements. Again, the value d in 
equation (8) represents an applicable drive level. 

[00331 As an example, a display emission prediction can be represented by an equation. As 
seen from equation (3) described in reference to FIG. 2, the cumulative emission spectrum is 
a summation of the emission spectra for all the color channels. Equation (3) may be 



rewritten as: 

Eid,,d^A>^) = E,id,,X) + E^id^,X) + E,{d„X) (9) 

Equation (7), described above, shows that each color channel emission spectrum 
measurement comprises the respective color channel at a level , and the adjacent color 
channels at the minimum level, 0. 

Eid,,OAX) = E,{d„X) + E^(0,X) + E,(0,X) 

md,,OA) = E,(0,l) + E,id^,X)+E,{0,X) (10) 
£(0,0,<,A) = £,(0,A) + £,(0,A)+£,(c/6,A) 

Summing the equations (10) determines the cumulative emission spectrum for all the 
channels at the level d , as follows: 

E{d„d^,d„X) = 

£.(^.,A) + £,(cf,,A) + £,K,A) + 2*(^.(0,A) + ^,(0,A) + £,(0,A)) dD 

The difference between equation (1 1) and equation (9) is a doubled black level emission. A 
noticeable shift in color results from the discrepancy between the conventional spectral 
prediction (9) and the measured emission spectrum (1 1). 
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[0034] FIG. 4 is a schematic diagram illustrating a color channel 70 of a typical liquid crystal 
display (LCD) device as a portion of single-channel generation system 50, from FIG. 3. 
Color channel 70 includes a light source 71 and a light valve 75. Light source 71 includes a 
backlight 72 and a color filter 74. Light valve 75 includes a first polarizer 76, a second 
polarizer 78, and liquid crystal cells (LCC) 80 disposed between the polarizers 76 and 78. 
[00351 Backlight 72 emits light to every pixel, and therefore every color channel 70. First 
polarizer 76 of light valve 75 polarizes the passing light from backlight 72. LCC 80 rotates 
the polarization plane of the passing light. The amount of light transmitted by light valve 75 
depends on an orientation of the polarization plane of the passing light relative to second 
polarizer 78. An angle of rotation of the polarization plane depends on a voltage or digital 
driving signal applied to LCC 80 and a wavelength of the light. Color filter 74 filters the 
light transmitted by light valve 75 to define the color of channel 70. In the case of the three- 
channel LCD described above, color filter 84 may be a red, green, or blue filter. 
[0036] Single-channel generation system 50, from FIG. 3, may improve the color accuracy of 
images displayed by the LCD. System 50 uses display emission measurements to create and 
calibrate display device color model 32, which is then used to create color profile 42 for the 
display. Color profile 42 drives light valve 75, e.g., bom a host computer coupled to a 
destination display device, to generate a precise color output from color channel 70 and the 
LCD. Display device emission may vary between types and brands of displays. The color 
profile 42 built by color profile generation system 30 from FIG. 2 may allow any LCD device 
to more accurately present the intended color of an image obtained by a source device. 
[00371 FIG. 5 is a flow chart illustrating a method to determine single-channel emission 
spectra 34 of a multi-channel liquid crystal display. The single-channel emission specti-a 34 
may be used to create and calibrate device color model 32. Device color model 32 may 
• model the LCD and generate color coordinates 38 used to build color profile 42 for the LCD. 
Measurements and assumptions from the display device generate single-channel emission 
specti-a 34. Color channel emission specfra 58 are measured for each of the color channels 
70 of the LCD with the respective channel at a maximum level and the other channels at 
minimum levels (90). An emission spectiiim is measured for all tiie color channels 70 of tiie 
display operating at the minimum level (92), which may be considered a black emission. 
Emission spectra for light sources 71 are assumed to be known (94). The assumed light 
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source emission spectra 54 may be determined by a light source reconstruction method based 
on color channel emission spectra 58, an assumed maximum level transmission spectrum for 
one of light valves 75, and an inverted display contrast ratio. Techniques for light source 
reconstruction are also disclosed in copending and commonly assigned U.S. patent 

application serial no. , titled "DISPLAY DEVICE COLOR CHANNEL 

RECONSTRUCTION," to Arkady Ten, filed October 28, 2003, the entire content of which is 
incorporated herein by reference. 

[0038] Minimum emission spectrum 56 and assumed light source emission spectra 54 are 
used by equation solver module 60 in single-chamiel generation module 52 to calculate Ught 
leakage spectra 62 for each of the color chamiels 70 (96). Light leakage spectra 62 and color 
channel emission spectra 58 are input to light leakage compensation module 64. The single- 
channel emission spectra 34 are determined by compensation module 64 by subtracting light 
leakage spectra 62 from color channel emission spectra 58 for each of the color channels 70 

(98). 

[00391 Single-channel emission spectra 34 are used to accurately predict spectral output ot 
the LCD. The single-chamiel emission spectra cannot be measured directly because modem 
spectroradiometers have a measurement spot size of approximately 1 cm, which includes 
hundreds of channels that continue to emit Hght even in a fully closed state. Therefore, the 
described method generates the single-channel spectral prediction needed to accurately 
model and calibrate the display device color model 32. Calibration of the device color model 
32 by the single-channel emission spectra generated by the method illustrated in FIG. 5 
results in a difference of AE=0.27 between the light leakage corrected spectra 34 and the 
measured emission spectra represented by equation (1 1), described in reference to FIG. 3. 
The Hght leakage compensation method far surpasses the shift of AE=3.75 experienced when 

no light leakage method is applied to the color channel emission spectra 58. 

[0040] Various embodiments of the invention have been described. These and other 

embodiments are within the scope of the following claims. 
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